Opening a tunable and sizable band gap in single-layer graphene (SLG) without degrading its structural integrity and carrier mobility is a significant challenge. Using density functional theory calculations, we show that the band gap of SLG can be opened to 0.16 eV (without an electric field) and 0.34 eV (with a strong electric field) when properly sandwiched between two hexagonal boron nitride single layers. The zero-field band gaps are increased by more than 50% when the many-body effects are included. The ab initio quantum transport simulation of a dual-gated field effect transistor (FET) made of such a sandwich structure reveals an electric-field-enhanced transport gap, and the on/off current ratio is increased by a factor of 8.0 compared with that of a pure SLG FET. The tunable and sizeable band gap and structural integrity render this sandwich structure a promising candidate for high-performance SLG FETs. NPG Asia Materials (2012) 4, e6; doi:10.1038/am.2012.10; published online 17 February 2012
INTRODUCTION
Despite its extremely high carrier mobility (1. 5Â10 4 cm 2 V À1 s À1 for a SiO 2 -supported sample 1 and 2Â10 5 cm 2 V À1 s À1 for a suspended sample 2, 3 ), pristine graphene cannot be used for effective roomtemperature field effect transistors (FET) because of its zero band gap. Opening and tailoring a band gap in graphene is probably one of the most important and urgent research topics in the graphene research currently. A large number of methods have been developed to open a band gap in graphene, and these methods can be classified into the following two types, depending on whether they preserve the integrity of the honeycomb structure: in a type I method, the honeycomb structure is destroyed, and in a type II method, the honeycomb structure of graphene is preserved. Typical type I methods include cutting graphene into nanoribbons, 4 making graphene nanomeshes, 5 and chemical functionalization. 6, 7 The main disadvantage of the type I methods is that the carrier mobility and on-state current are greatly reduced because the destruction of the honeycomb structure introduces scattering centers, enhances the carrier effective mass and produces a non-tunable band gap.
Unlike the type I method, high carrier mobility can be maintained in the type II method because the honeycomb structure is maintained. Typical type II methods include graphene-substrate interaction 8, 9 and the application of strain. 10 The graphene band gap induced by a substrate is not tunable. The most effective type II method is the application of an external electric field to the graphene. Both theoretical calculations and experiments show that a vertical external electric field can induce a tunable band gap of up to 0.25 eV for bilayer graphene (BLG) [11] [12] [13] because it breaks the inversion symmetry of BLG, and the carrier mobility is not significantly affected by the vertical electric field. 13 The mechanism of opening a BLG band gap by strain 10 is the generation of an equivalent vertical electric field by different strains on two layers. Unfortunately, this electric field scheme cannot be directly applied to single-layer graphene (SLG) because the two sublattices of SLG remain equivalent under the vertical electric field. Therefore, it is highly desirable to develop an effective method to open a tunable and sizable band gap for SLG without significant loss of carrier mobility, as can be done for BLG.
The common substrate for graphene FETs is SiO 2 , whose charged surface state, impurities, rough surface and surface optical phonons limit the carrier mobility of the graphene. Recently, graphene has been transferred to hexagonal boron nitride (h-BN). The measured mobility of graphene on the h-BN substrate is comparable to that of suspended graphene, and it is one order of magnitude larger than that of SiO 2 -supported graphene because the atomically flat h-BN substrate is free from dangling bonds and charge impurities. 14 A combination of the vertical electric field and the h-BN substrate is likely to be one development direction for future high-performance graphene FET devices. To this end, graphene should be sandwiched between h-BN. Recent theoretical calculations reveal that the electric field response of BLG sandwiched between h-BN is similar to that of freestanding BLG. However, there is a great discrepancy in calculations of the electric field tunability of SLG between h-BN. By using the tight-binding method, S"awiñska et al. 15 show that an electric field can induce a tunable band gap of 0 eV (at zero field) to 0.23 eV for an ABC-stacked SLG between an h-BN single-layer sandwich, but the later density functional theory (DFT) calculation by Ramasubramaniam et al. 16 finds that the band gaps are insensitive to electric field for three ABC-stacked and three ABA-stacked h-BN/SLG/h-BN sandwich structures, and the largest band gap is merely 0.1 eV. Therefore, the existence of a tunable and sizable band gap in an h-BN/SLG/h-BN sandwich structure remains unverified, and additional extensive and intensive theoretical works are required to provide guidance for future device design based on h-BN/SLG/h-BN sandwich structures.
It has been well established that many-body effects significantly alter the electronic structure of a low-dimensional system because of the enhanced Coulomb interaction with the reduced dimension. 17, 18 For example, the band gap of single-layer graphane (fully hydrogenated SLG) increases from 3.4 to 5.4 eV when many-body effects are included. 19 It is important to correct the DFT band gap of a twodimensional h-BN/SLG/h-BN sandwich by taking many-body effects into account. So far, the quasiparticle band structure of an h-BN/SLG/ h-BN sandwich has not been examined.
The ultimate application of SLG with an open band gap is the fabrication of an FET; thus, a transport property investigation is desired for an h-BN/SLG/h-BN sandwich under a vertical electric field. To this end, dual gates are required to provide a vertical electric field, in addition to control of the doping level. To the best of our knowledge, the transport properties (especially the switching effects) of an h-BN/SLG/h-BN sandwich under a vertical electric field are unknown.
In this article, we provide the first comprehensive investigation of the h-BN/SLG/h-BN sandwich structure by various theoretical methods. All 12 possible symmetric stacking modes are considered. The geometric and electronic properties and stability of these stacking modes are calculated by the DFT method, which is followed by a correction for the electronic structures, including many-body effects (GW approximation). The DFT coupled with the nonequilibrium Green's function is used to calculate the transport properties under a vertical electric field. We reveal that a band gap is opened for SLG in all stacking modes, with values ranging from 0.02B0.16 eV. The band gaps of two stacking modes are insensitive to the vertical electric field, four stacking modes are sensitive to a unidirectional electric field and six stacking modes are sensitive to a bidirectional electric field. The band gaps of the eight stacking modes can be increased to over 0.30 eV under a strong electric field. The maximum zero-field band gap of the h-BN/SLG/h-BN sandwich is corrected to 0.23 eV after the many-body effects are considered. We simulate a dual-gated FET device from the h-BN/SLG/h-BN sandwich, and an electric-field-enhanced transport gap is confirmed, accompanied by an increase in the on/off current ratio by a factor of 8.0 over that of an SLG FET. Therefore, a tunable and sizable band gap, a transport gap and significant switching effects are well established for the first time in an h-BN/SLG/h-BN sandwich. Finally, we envision a route to realize a partially lattice-matched h-BN/ SLG/h-BN sandwich device based on existing techniques. Our work is expected to stimulate the experimental realization of a high-performance h-BN/SLG/h-BN heterostructure FET.
MATERIALS AND METHODS
We perform DFT calculations within the local density approximation (LDA) to the exchange-correlation functional. The geometrical and electronic structures are calculated with the all-electron double numerical atomic orbital plus polarization (DNP) 20 basis set, which is implemented in the DMol 3 package. 20, 21 A 36Â36Â1 Monkhorst-Pack k-point mesh 22 is applied to the Brillouin zone integration. The geometry optimization is performed for both the atomic position and the interlayer distance, until the maximum force on each atom is o0.01 eV/Å . The optimized interlayer distance of the BLG is 3.32 Å , which is in good agreement with the experimental value of 3.34 Å for graphite. 23 In our calculations, an electric field with strength ranging from À1 to 1 V/Å is applied along the direction perpendicular to the graphene plane. The electric field responses of three configurations are also calculated by the plane wave (PW) basis set and the projector-augmented wave (PAW) pseudopotential implemented in the VASP package. 24 A PW energy cutoff of 500 eV and a 45Â45Â1 Monkhorst-Pack k-mesh 22 are used to generate the charge densities. The atomic positions are relaxed by a conjugate gradient algorithm with a force tolerance of 0.01 eV/Å . The electric fields are applied perpendicular to the slabs by introducing dipolar sheets at the center of the simulation cell.
The quasiparticle calculations are carried out using the ABINIT package. 25 First, we compute the wave functions using DFT. A PW energy cutoff of 380 eV is used, together with the PAW pseudopotentials, 26 and the Brillouin zone is sampled with an 18Â18Â1 Monkhorst-Pack grid. 22 (A convergence test shows that a 42Â42Â1 Monkhorst-Pack grid calculation gives nearly the same band gap). Second, the quasiparticle energies E nk are calculated using the following quasiparticle Schrödinger equation, which uses the self-energy S acquired from the GW approximation. 27 À r
Therein, the Green function and the Coulomb screening are constructed from the LDA results in the first step, 28 and the plasmon-pole model is used for the screening computation. We perform the GW calculation in a nonself-consistent way.
The first-principles quantum transport calculations, which are based on DFT and the nonequilibrium Green's function method, are performed using the ATK 11.2 package. 29, 30 The single-zeta basis set is employed, and the temperature is set to 300 K. The effect of the gates is calculated by solving the Poisson equation self-consistently, instead of simply shifting the central region's chemical potential. The top gate and bottom gate voltages were defined as V t and V b . The distance between the two gates was d 0 ¼26 Å in our model, and the thickness of the two identical dielectric regions is d i ¼7 Å . The dielectric constant of the dielectric region is 3.9, which models SiO 2 . The following vertical electric field applied to the sandwich structure is obtained:
The corresponding total gate voltage is V g ¼V t +V b , which reflects the total doping level.
The DMol 3 and ATK packages use the atomic orbital basis set, while the VASP and ABINIT packages take the plane-wave basis set. To check the consistency between the results in the different basis sets and packages, we compared the zero-field band structures of Configuration 3 in Figure S1 of the Supplementary Information. These electronic structures from different basis sets and packages are basically similar, except for the single-zeta basis set in the ATK package (a larger basis set, for example, the DZP basis set, is not applicable to this transport calculation based on a very large system, but the determination of the electric-field-enhanced on/off current ratio should be qualitatively unchanged 31 
RESULTS

DFT electronic structure
A supercell is constructed for the sandwich structure of a single layer of graphene that is inserted between two h-BN single layers. We assume that the graphene and h-BN single layers are commensurate and that each supercell contains one unit cell of the graphene and one of each h-BN single layer because the lattice mismatch between the graphene and the h-BN single layer is o2%. The lattice constant of this sandwich structure is taken from that of graphene, a¼b¼2.445 Å .
The lattice constant along the direction perpendicular to the graphene plane is taken to be 30 Å . In graphite, the hexagonal graphene layers are reported to have three different stacking models: AA, AB and ABC stacking. 32 In our tri-layer sandwich structure, we consider four stacking models: AAA, AAB, ABA and ABC stackings. Because of the nonequivalence of the B and N sublattices of the h-BN single layer, we have 12 different configurations in total (Figure 1 ).
The h-BN/SLG/h-BN sandwich structure is characterized by both the stacking sequence of its layers and the positions of the C atoms relative to the B and N atoms of the bottom and top BN layer. For example, ABC(#aB,Nb#) means that the stacking sequence is ABC; a hexagonal ring center (labeled by #) and a B atom are located directly below and above the C atom of the a sublattice, respectively; and a N atom and a hexagonal ring center are located directly below and above the C atom of b sublattice, respectively. The graphene/h-BN bilayer is described using similar notation in this study. For clarity, the 12 sandwich structures in this paper are also identified by each figure number in Figure 1 .
There is no obvious buckling of either the graphene or h-BN single layers after optimization. The interlayer distances d between the graphene and the adjacent h-BN single layers in the sandwich structures range from 3.20 to 3.44 Å (see Figure 1 ). The relative stability (E r ), which is defined as the energy difference between the checked configuration and Configuration 12, is shown in Figure 2 in descending order. Configurations 1 and 2 are the two most stable configurations. The binding energy E b of the graphene/h-BN multilayer system is defined as the energy difference between the multilayer and the isolated single layers, as follows:
where E, E G and E BN are the total energies per unit cell of the multilayer, graphene and h-BN single layer, respectively; N G and N BN are the numbers of the graphene and the h-BN single layers, respectively; and E b of the sandwich structures ranges from À0.123 to À0.168 eV per unit cell. Configurations 1 and 2 are the most and second most stable configurations, with binding energies of À0.1684 and À0.1683 eV per unit cell, respectively. We also calculate E b of the graphene/h-BN bilayer, and the resulting E b values for the AB(Ba,#b), AB(Na,#b) and AA(Ba,Nb) configurations (for simplicity, we label them Configurations I, II and III, respectively) are À0.074, À0.054 and À0.052 eV per unit cell, respectively. This stability order is the same as that of the previous work. 33 It is found that E b (sandwich structure)EE b (graphene/top h-BN layer)+E b (graphene/ bottom h-BN layer)À0.020 eV per unit cell. As the bilayer configurations of the graphene/top h-BN and graphene/bottom h-BN are both AB(Ba,#b) for Configuration 1 (ABA(BaB,#b#)) and 2 (ABC(#aB,Bb#)), Configurations 1 and 2 are the two most stable 
we have E r (1)EE r (2)4E r (3)EE r (4)4E r (5)EE r (6)4 E r (7)EE r (8)4E r (9)EE r (10)4E r (11)EE r (12) , and this order is in good agreement with the strict calculations.
Configurations with similar stabilities always come in pairs. A close examination of each pair of configurations in this study shows that the chemical environments for the carbon atoms in those paired configurations were nearly identical when the a and b carbon atoms are considered as a whole. For example, in the paired Configurations 1 and 2, there is a B atom and a hexagonal ring center (#) both above and below the carbon atoms, and we express this similar chemical environment as (B#ab#B).
The direct band gaps at the K point are opened for all of the configurations under zero field. The zero-field electronic structures of 33 To understand the nature of the difference between the two groups, an orbital interaction model is employed. In this model, only the interactions between the p orbitals of the adjacent atoms are considered. According to their electronegativity, one has E B 4E C 4E N , where E i (i¼B, C, or N) is the energy level of the orbital of the i atom. D CÀi (40) is the energy level splitting due to the interaction between the C and the i atoms. In Configurations 1 and 2, which are from group I and group II, respectively, E B is degenerated in the top and bottom BN layers at zero field (Figure 4a and b) . The coupling between the two B atoms and the C atom of the a sublattice in Configuration 1 shifts the energy level of the a carbon atom downward. This new energy level of the a carbon atom (E a ¼E C À2ÂD CÀB ) acts as the valence band maximum, in which D CÀB is the energy level splitting caused by the coupling between the C and either B atoms. A pair of hexagonal ring centers are located directly below and above the C atom of the b sublattice; thus, the energy level of the b carbon atom (E b ¼E C ) remains constant and acts as a conduction band minimum. The resulting band gap, which is the energy level difference between the a and b carbon atoms (D 0 ¼E a 4E b ), is B2ÂD CÀB . The shifted energy levels of the two carbons in Configuration 2, shown in Figure 4b , are approximately equal (E a EE b ) because both the a and b carbon atoms are coupled with a B atom. For this reason, it is difficult to open a band gap in Configuration 2. Generally, the BN layers break the symmetry between the a and b carbon atoms for group I, but not for group II. The energy splitting between E a and E b in group I leads to an obvious band gap. However, in group II, the energy levels of the two carbon atoms shift in a similar way (E a EE b ), and the resulting band gaps are quite small.
The electric field causes a change in the band structure of the sandwiches. The electronic structures of Configurations 1, 3 and 11 under E > ¼À0. Configuration 1 
range (E > ) of the 12 sandwich structures are shown in Figure 2 , with values ranging from 0.056 to 0.337 eV. Most of the maximum band gaps occur at the K point. Remarkably, the D max values of eight configurations exceed 0.2 eV. In contrast, the maximum band gap under E > in a graphene/h-BN bilayer is only 0.13 eV. 33 The E > dependences of the band gaps of the entire set of sandwich structures are displayed in Figure 5 , and the positive direction is defined as the direction from the bottom to the top layer. The structures can be classified into two groups by their symmetry with respect to the electric field direction: a symmetric group (Configurations 1, 2, 7, 8, 11 and 12) and an asymmetric group (Configurations 3, 4, 5, 6, 9 and 10) with respect to E > . This phenomenon can also be explained by our orbital interaction model. The potential energy arising from the external electric field was set to zero at the middle graphene layer. Figures 4a and d show the electric-field-dependent schematic energy diagrams of Configurations 1 and 3, which belong to the symmetric group and the asymmetric group, respectively. In Configuration 1, a negative E > causes E B in the bottom and top layers to shift upward and downward, respectively. Under a positive E > , E B in the bottom and top layers shifts downward and upward, respectively. The valence band maximum, and thus the band gap, is independent of the direction of E > in Configuration 1. In contrast, under a negative E > , both E B and E N move toward E C in Configuration 3, reducing the band gap from its value at D 0 . When E > is changed to the positive direction, both E B and E N diverge from E C , enhancing the band gap from its value at D 0 . Therefore, the electric dependence of D is asymmetric about the electric field direction. By comparing Configurations 1 and 2 with 7 and 8 in Figure 5 , it can be seen that the band gap is much larger if the B atoms are changed to N atoms under a given electric field. E N exhibits greater divergence than E B with an applied electric field, as illustrated in 
Configuration 4
Configuration 7 Configuration 8
Configuration 11
Configuration 12 Tunable and sizable band gap of single-layer graphene RG Quhe et al Configurations 2 and 8 are studied by S"awiñska et al. 15 with the tight-binding approach. Under an electric field, a tunable band gap as large as 0.23 eV is opened for Configuration 8, while the band gap of Configuration 2 is insensitive to electric field. Their results are in agreement with our DFT calculation, except that the D 0 is 0.02 eV in our DFT calculation, but it vanishes when calculated with the tightbinding method. A DFT calculation by the same authors also obtains a band gap of 0.23 eV under a strong electric field. 15 The following six configurations are checked by Ramasubramaniam et al., 16 using the DFT method with the PW basis set and the PAW pseudopotentials implemented in the VASP package: Configurations 1, 2, 3, 4, 7 and 8. Compared with our DFT calculations using the DNP basis set, 20 Ramasubramaniam et al. 16 found the same zero-field gaps (the relative difference is o10 À2 eV) but different electric field responses. They found that the band gaps of these six tri-layer structures are either entirely non-tunable or slightly tunable, even if the electric field reaches 0.5 V/Å , and the largest band gap attainable is 0.1 eV. However, in our DFT calculations, the band gaps of three of their six checked configurations (Configurations 3, 7 and 8) are sensitive to an electric field, changing by 0.071, 0.056 and 0.035 eV, respectively, when the electric field strength is 0.5 V/Å .
One possible cause of this discrepancy is the failure to consider the dependence of the band gaps on the direction of E > in the previous work. A negative E > is necessary to open a sizable band gap in Configuration 3. Under a positive E > of o0.5 V/Å , the band gap of Configuration 3 is also insensitive to an electric field in our calculation. Another possible cause of the discrepancy is the difference in the basis set and package. To examine this possibility, we calculate the electric field response of Configurations 3, 7 and 8 using the PW basis set and the PAW pseudopotential implemented in the VASP package, and we use calculation parameters consistent with the work of Ramasubramaniam et al. 16 As shown in Figure 5 , the resulting band gap responses of Configurations 7 and 8 to E > are less than those in the DMol 3 calculations, but they are larger than those obtained by Ramasubramaniam et al. 16 The band gaps of Configurations 7 and 8 increase by 0.02 and 0.04 eV, respectively, relative to D 0 under E > ¼0.5 V/Å , and they increase by 0.07 and 0.13 eV, respectively, relative to D 0 if E > reaches 1 V/Å . The monotonic change of the band gap with E > for Configuration 8 is in agreement with that obtained by the DMol 3 package, except that the band gap increase is smaller (the band gap increases by 0.04 eV relative to D 0 in our VASP calculation and 0.071 eV in our DMol 3 calculation for E > ¼À0.5 V/Å ). Therefore, we can conclude that a vertical external electric field is able to tune the band gap for Configurations 3, 7 and 8.
The effective masses of the holes (m h ) and electrons (m e ) in Configurations 1 and 3 are slightly anisotropic. The values of m h and m e are similar along the same direction as a result of an approximately symmetric dispersion of the conduction and the valence bands at the K point. The zero-field effective carrier masses for Configurations 1 and 3 are approximately equal, with values of 0.021m 0 (where m 0 is the electron mass) along the G-K direction and 0.017m 0 along the K-M direction, both of which are of the same order of magnitude as the measured m e ¼0.05m 0 for the graphene/h-BN bilayer structure. 34 The effective carrier masses of Configuration 3 increase with the increasing band gap and reach 0.052m 0 along the G-K direction at D max ( Figure 6 ). The measured carrier mobility of graphene on the h-BN substrate is comparable to that of suspended graphene, and it is one order of magnitude larger than that of SiO 2 -supported graphene because the atomically flat h-BN substrate is free from dangling bonds and charge impurities. 14 It is reasonable to assume that the scattering time t of the carriers in graphene sandwiched between h-BN layers is similar to that of suspended or h-BN-supported graphene. From the values of m e ¼0.021m 0 and m¼2Â10 5 cm 2 V À1 s À1 in the suspended BLG, 3 the zero-field carrier mobility in Configurations 1 and 3 is estimated to be mB2Â10 5 cm 2 V À1 s À1 along the G-K direction and B2.5Â10 5 cm 2 V À1 s À1 along the K-M direction, according to m¼ et/m. The mobility at D max of Configuration 3 is estimated to be m e B0.8Â10 5 cm 2 V À1 s À1 .
GW approximation
We show the GW band structures for Configurations 1, 3 and 11 in Figure 3 with red circles. Compared with the DFT band structures (DNP basis set and DMol 3 package) shown by blue lines in Figure 3 , the band gaps increase from 0.115, 0.108 and 0.160 eV to 0.162, 0.158 and 0.232 eV, respectively, upon including the self-energy correction. The relative increases in the band gap are 41, 46 and 45% for Configurations 1, 3 and 11, respectively. To conduct a more proper comparison, we select the DFT band structures obtained with the same basis set (PW basis set) and package (ABINIT) as the GW calculation. For this comparison, the resulting relative increases are 57, 61 and 105%, which are comparable to or larger than that in graphane (59%). 19 The changes in the relative increases are smaller for Configurations 1 and 3, but they are larger for Configuration 11 because the ABINIT package gives a smaller DFT band gap of 0.13 eV as a result of the larger interlayer distance of 3.51 Å (compared with a larger band gap of 0.16 eV and a smaller interlayer distance of 3.42 Å in the DMol 3 calculation).
Any successor to the silicon metal-oxide-semiconductor FET must have a large on/off ratio between 10 4 and 10 7 , which requires the semiconducting channel with a sizeable band gap, preferably 0.4 eV or greater. 35 Given the similar correction ratio for the band gap under an electric field, the maximum quasiparticle band gaps of eight of the configurations will exceed 0.4 eV under a strong electric field and satisfy the requirement for a high-performance FET. In addition, the self-energy correction will slightly reduce the effective mass at the K point, thus increasing the carrier mobility slightly. The increase of the carrier mobility with the increasing band gap caused by self-energy correction is impressive because the carrier mobility usually decreases with the increasing band gap in terms of the effective mass theory.
Transport properties
The opening of a band gap in the h-BN/SLG/h-BN sandwich structures is reflected in the transport properties. We perform firstprinciples quantum transport calculations for the h-BN/SLG/h-BN sandwich structures. The schematic model of a dual-gated FET based on Configuration 3 is shown in Figure 7a . The zero-bias transmission spectra of this device are displayed in Figures 7b and c. The inset in Figure 7b shows the transmission spectrum of SLG at zero bias, for which the gap at E f is nearly zero. A transport gap of 0.037 eV is observed when SLG is sandwiched between h-BN in Configuration 3, and the gap increases further to 0.26 eV under E > ¼À1 V/Å . The two transport gaps are consistent with the corresponding band gaps of D 0 ¼0.108 and 0.298 eV. Therefore, the electric-field-enhanced transport gap is well established for an h-BN/SLG/h-BN sandwich device. If the GW correction is considered, the calculated transport gap is expected to increase by more than 50%.
The existence of an appreciable transport gap in this vertically biased device suggests a switching effect controlled by a gate voltage, which suggests a device application. The transmission spectrum can be shifted by the gate voltage. Figure 7d shows the transmission spectra of this device under V g ¼3.0 V and V g ¼À6.0 V, with a fixed bias of 0.1 V and E > ¼À1 V/Å . The transmission coefficients within the bias window under V g ¼À6.0 V (on-state) are much larger than those under V g ¼3.0 V (off-state). Figure 7e shows the corresponding transfer characteristic with a p-type feature. The on/off current ratio is 8.5, which is larger than the ratio of 1.06 exhibited by the pure SLG FET (inset of Figure 7e ) by a factor of 8.0. This current switch effect is much weaker than that of a traditional metal oxide semiconductor FET. 35 However, it should be noted that one of the most striking merits of graphene and silicene (the silicon analog of graphene) is their extraordinary high carrier mobility. We must accept the compromised switching effect to maintain the extremely high carrier mobility of graphene and silicene. 31 The measured room-temperature on/off ratio of a vertically biased BLG FET is only increased by a factor of 25 over that of the unbiased FET at room temperature. 11 In our model, the on/off ratio can be further enhanced by adding a gate voltage to improve the on-current, because the on-current is well below its saturation value. The on/off ratio can also be further enhanced by device optimization techniques, such as increasing the channel length to decrease the off-state current leakage caused by tunneling. 31 Furthermore, the calculated transport gap is expected to increase by more than 50% when the GW correction is considered. As a result, the current leakage will be further decreased, and the on/off ratio will be increased.
The difference between the off-state and the on-state is reflected by the transmission eigenchannels at E f and at the (0, 1/3) point of the kspace, as shown in Figure 7f . The transmission eigenvalue of the offstate is 4.66Â10 À3 , and the incoming wave function is almost completely scattered, so that it is unable to reach the other lead. In contrast, the transmission eigenvalue of the on-state is 0.99; the incoming wave function is scattered little; and most of the incoming wave is able to reach the other lead.
In these calculations, we assume that the lattice constants of SLG and h-BN are identical. In an actual h-BN/SLG/h-BN sandwich structure, a mismatch of the lattice constant is expected to cause variation of the stacking mode, leading to a spatial variation of the band gap. We relax the lattice constant of h-BN along the transport direction to consider the effects of partial lattice mismatch. The relaxed lattice constant of the h-BN is increased by 1.1% along the transport direction. The resulting zero-bias transmission spectrum under E > ¼À1 V/Å is displayed in Figure 7c by the red line. Compared with the situation of matching lattices, the transmission spectrum shape is only slightly changed, and the transport gap is intact. When the lattice constant was mismatched along the transport direction, the band gap (and thus transport gap) of the sandwich varies along the transport direction, and the final transport gap depends on the maximum local transport gap caused by the series feature of the different local band gaps. In our case, the total transport gap of Configuration 3 remains unchanged upon lattice relaxation along the transport direction because Configuration 3 has a nearly maximal transport gap under E > ¼À1 V/Å . 
DISCUSSION
A well-defined orientation is necessary to open a local band gap in the examined h-BN/SLG/h-BN sandwich structures. Recently, the chemical vapor deposition (CVD) process has been used to grow graphene on a metal-substrate-supported h-BN single layer with either a strong 34 or weak 36, 37 interaction between the h-BN single layer and the metal substrates and a well-defined orientation with respect to the h-BN layer. 34 Conversely, h-BN can also be grown on graphene by the CVD process. 38 We expect that h-BN/SLG/h-BN sandwiches with well-defined orientation could be synthesized by combining the two CVD schemes; therefore, the observation of a sizable local band gap in the h-BN/SLG/h-BN sandwich is anticipated.
However, the actual 2% mismatch between the graphene and the h-BN makes each stacking configuration appear with equal probability, and there is no sizable global band gap. To overcome this problem, new experimental approaches should be developed. In Figure 8 , a feasible flow chart is proposed. First, as illustrated above, a sandwich structure with matched orientations between the graphene and the h-BN is obtained by combining the two CVD schemes. Second, by applying the local peeling technique developed by Dimiev et al., 39 the four graphene edges of the sandwich structure can be exposed. Third, by exerting a homogeneous strain of 2% on the four sides of the graphene layer, a sandwich structure with matched lattice constants can be obtained. However, from the perspective of device performance, the fully lattice-matched sandwich structure is not necessarily favorable because the two most stable configurations only generate a band gap of o0.15 eV. Actually, the application of different strains on two layers of BLG has been suggested to open a band gap. 40 We suggest the exertion of a uniaxial strain of 2% on the two sides of the graphene layer along the xdirection (the direction in the plane of the graphene layer but perpendicular to the transport z-direction) and matching of the lattice constants of the h-BN and graphene in this direction. Different local band gaps will appear in the transport direction (Figure 8c ), but the final transport gap depends on the largest local band gap (more than 0.3 eV under a strong electric field) of the h-BN/SLG/h-BN sandwich because of the series feature of the different local band gaps. Therefore, the partially lattice-matched sandwich exhibits better device performance. A similar example is the transport gap of a graphene nanoribbon (GNR). An experiment performed by Dai et al. 4 found that sub-10-nm GNRs always have a transport gap. This result appears strange because both armchair and zigzag GNRs should exist. Armchair GNRs are semiconducting, but zigzag GNRs prefer a metallic state at room temperature. The most probable reason for the occurrence of this gap is the nonuniformity of the edges of the GNRs, so that both armchair and zigzag edges coexist in a single GNR, and the transport gap of the GNRs actually depends on the local band gap of the armchair edge.
In conclusion, by using DFT calculations, we demonstrate that the effects of a vertical electric field on the electronic structure of an h-BN/ SLG/h-BN sandwich structure depend on the mode of stacking. An optimally stacked h-BN/SLG/h-BN sandwich structure can have both a sizable band gap and a high carrier mobility under a strong electric field. Many-body effects enhance the band gap of the h-BN/ SLG/h-BN sandwich system by more than 50%. A sizable transport gap, which is comparable with the band gap, and an enhancement in the switching effect with respect to that of pure SLG FET are observed in the ab initio transport simulation of a dual-gated sandwich structure FET. We anticipate that our work will stimulate the synthesis of an h-BN/SLG/h-BN sandwich that will produce remarkable performance in further nanoelectronic applications. 
